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 The biodeposition of CaCO3 on RMA
was proposed to reduce their water
absorption.
 Commercial recycled mixed
aggregates obtained from recycling
plants were tested.
 CaCO3 effect on water absorption,
weight and consolidation of RMA was
analysed.
 Characteristic appearance of
precipitate from B. sphaericus was
observed by SEM.
 Biodeposition had positive influence
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This research focuses on improving the quality of mixed and ceramic recycled aggregates by microbially
induced carbonate precipitation (Bacillus sphaericus). The precipitation contributed to a weight increase
and unleashed a waterproofing response. The roughness of the ceramic particles created a more uniform
layer compared to natural or concrete particles. For the concrete fraction, which had a higher macrop-
orosity, the consolidation effect was more pronounced. High ceramic content aggregates profited from
a greater biodeposition, leading to a remaining amount of precipitates after sonication which was still
greater than in cementitious materials. Pore-filling effect was detected by SEM, supporting the water-
proofing result.
 2017 Elsevier Ltd. All rights reserved.1. Introduction
Population growth and urbanization have accelerated
consumption of concrete and construction and demolition wastegeneration, therefore the transformation of this product flow into
raw materials used in the manufacture of new concrete is exten-
sively researched in several countries during the last decades.
Many studies [1–12] focusing on replacement of natural aggre-
gates by recycled aggregates (RA), have shown the feasibility of
such practices. However, several works reported that the high
water absorption capacity of recycled aggregates due to their high
Table 1
Properties of RA samples.
TEC-REC ANTWERP BIERZO
Maximum particle size (mm) 16.00 16.00 16.00
Minimum particle size (mm) 4.00 4.00 4.00
Granulometric modulus 7.67 7.75 7.96
Fines content (%) 0.04 0.87 0.72
Apparent density (Mg/m3) 2.53 2.51 2.65
Oven-dry density (Mg/m3) 2.08 2.06 2.29
Saturated surface dry density (Mg/m3) 2.26 2.24 2.43
Flakiness index (%) 14.75 19.10 24.67
Los Angeles coefficient (%) 40.99 39.00 33.23
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[10,13–15].
Several techniques have been studied to solve this problem: use
of water-reducing admixtures [16,17], pre-saturation of recycled
aggregates [10,18], chemical treatment [19,20], two-stage mixing
approach [21,22]. This paper suggests the biodeposition of calcium
carbonate on the mixed and ceramic recycled aggregates as a new
technique to reduce the water absorption drawback.
Recently, bacterially induced carbonate precipitation has been
proposed as an environmentally friendly technique to improve
the durability of cementitious materials due to its protective effect
based on consolidating or waterproofing properties. It has been
applied as a consolidating surface treatment or as an effective
way to seal cracks and fissures [23–39]. Several studies have been
using ureolytic bacteria, because these bacteria are able to induce
the precipitation of calcium carbonate by the production of the
urease enzyme, which catalyzes the hydrolysis of urea to CO2
and ammonia, resulting an increase of the pH and carbonate con-
centration in the bacterial environment [40–43].
The Bacillus group has been considered as one of the most
suitable kinds of microorganism to reach a biologically induced
mechanism of calcium carbonate precipitation [44,45], because
they are found abundantly in natural environments, they can be
easily cultivated and they show a remarkable potential to form
large amounts of calcite in a relatively short time. The type of
mineral produced is largely dependent on the environmental con-
ditions [46] and no specialized cell structure or specific molecular
mechanism is thought to be involved [47]. Bacillus pasteurii
[24,29,48–52], Bacillus lentus [52,53], Bacillus sphaericus
[25,26,29,37,53,54], Bacillus cereus [30], Bacillus subtilis [55,56],
Bacillus megaterium [57], Bacillus pseudofirmus [58], etc. have been
proven potentially useful for biodeposition of calcium carbonate in
construction materials.
Microbially induced carbonate precipitation has been
considered first for the protection of ornamental stones and
limestone monuments. In situ applications were performed
[40,42,54,56,59], leading to a further optimization and industrial-
ization of the technique, based on the collaboration between the
French company Calcite Bioconcept, the Laboratory for Research
of Historic Monuments and the University of Nantes [30]. Subse-
quently, biodeposition was investigated as a surface treatment
for cementitious materials [25,26,33,34,53]. The promising results
of this technique encouraged our research group to evaluate the
effect of biodeposition on mixed and ceramic recycled aggregates
destined to be used in concrete production as replacement of
natural aggregate. The aim was especially to solve the important
problem of high water absorption values associated commonly
with this type of materials. B. sphaericus was the microorganism
chosen for this application.
Only a limited amount of previous studies exist about the
improvement of the properties of recycled aggregates using
biodeposition [49,50] and they are focused on recycled concrete
aggregates, which come from 100% old concrete. Furthermore,
these manuscripts only analyse recycled aggregates that were
entirely obtained from concrete that was specifically prepared for
laboratory biodeposition tests, no previous experiments have been
performed on commercial recycled aggregates obtained from recy-
cling plants.
Themajor novelty of ourwork lays exactly in these aspects. The 3
different samples of recycled aggregates used for thiswork are com-
mercial products. They are obtained from three European recycling
plants (two of them located in Spain and another one in Belgium),
with different contents of concrete, unbound natural aggregates
and ceramic. Attentionwas paid to the effects of their variable com-
position especially regarding the ceramic fraction (with contents
higher than 33% in all the samples), since RA contains not only oldconcrete, and the ceramic fraction usually plays an essential role
in this type of recycled material [1–3,9,12,60].2. Materials and methods
2.1. Mixed and ceramic recycled aggregates
Mixed and ceramic recycled mixed aggregates were obtained by crushing of
construction and demolition waste (CDW) in three CDW recycling plants, two from
Spain (TEC-REC sample: Tecnología y Reciclado S.L., Madrid, and BIERZO sample:
Bierzo Recicla S.L., Leon) and one from Belgium (ANTWERP sample: Antwerp Recy-
cling Company, Antwerp). Coarse aggregates 4–20 mm were used in the research.
The properties of RA were determined according to the EN 12620+A1 [61] standard
and are summarized in Table 1.
The composition of RA samples used in this study was obtained according to the
European standard EN 933-11 [62] and is shown in Table 2. According to the Span-
ish Association Managers of Construction and Demolition Waste [63], TEC-REC and
ANTWERP samples were considered mixed recycled aggregates, because their cera-
mic content was higher than 30% and lower than 70%. The BIERZO sample was
defined as ceramic recycled aggregate, since its ceramic content was greater than
70%. Most of the ceramic particles in the BIERZO sample came from roof tile and
brick wastes. The ceramic content of TEC-REC and ANTWERP samples had a more
heterogeneous origin (bricks, roof tiles, sanitary ware, tiles. . .).
These RA samples were chosen mainly due to their composition, and especially
their ceramic content, considering that TEC-REC and ANTWERP samples show a
typical composition of the construction and demolition waste from Mediterranean
countries, where ceramic materials, such as roof tiles and hollow bricks in façades
and partition walls, are one of the mainstays in terms of construction materials [3].
The BIERZO sample has been chosen for this study since its high ceramic content
could help to understand the different effect of bacterially induced carbonate pre-
cipitation on RA depending on the presence and amount of ceramic fraction.
The attached mortar content of the three RA samples has been determined
(Table 3), since generally this material plays a key role in the water absorption of
the recycled aggregates. The method used was designed based on the techniques
followed by Tam et al. [60], in their study on removal of cement mortar remains
from recycled aggregates. In this case, the RA samples were soaked in hydrochloric
acid (HCl) with concentration of 0.1 mol (this concentration was chosen in order to
remove the old cement mortar, but not decrease the aggregates quality or remove
other cement based materials, which were integrated into the aggregate) at around
20 C for 24 h. Subsequently the samples were rinsed with distilled water to remove
the acidic solvent. Taking into account the dry weight before and after the soaking
treatment, the attached mortar content is calculated.
Taking into account published research findings [64], which said that porosity
has a pronounced effect on the immobilization of microbial cells, a mercury intru-
sion porosimetry test (MIP) was applied on ceramic and cement-based particles
from recycled aggregates. The tests were conducted using a Micromeritics AutoPore
IV 9500 porosimeter, which operates in the pressure range 0.0034–227.5270 MPa
over a pore diameter range of 0.006–175 lm. These results of pore size distribution
are discussed in conjunction with the consolidating effect of the biodeposition
treatment.2.2. Bacterial strain and cultivation conditions
B. sphaericus LMG 222 57 (Belgian Coordinated Collection of Microorganisms,
Ghent) was used for this research. Based on the studies of Dick et al. [53], this strain
is able to precipitate calcium carbonate (CaCO3) on its cell constituents and in its
micro-environment by decomposition of urea (CO(NH2)2) into carbonate (CO32)
and ammonium (NH4+). Later, the carbonate promotes the microbial deposition of
CaCO3 in a calcium rich environment.
Liquid culture media used to grow B. sphaericus consisted of autoclaved yeast
extract and filter sterilized urea solution. The final concentrations of yeast extract
and urea were 20 g/l and the pH of the medium was 7. Cultures were obtained after
two times subsequent culturing (using 1% inoculums) from a 80 C stock culture.
Table 2
Composition of RA samples.
Component (%) TEC-REC ANTWERP BIERZO
Ru: Unbound natural aggregates 17.5 22.5 0.0
Rb: Ceramic materials 33.6 38.4 97.9
Rc: Concrete and mortar 44.1 37.1 2.1
Ra: Asphalt 0.4 1.7 0.0
Rg: Glass 0.8 0.0 0.0
X: Others (Gypsum) 3.6 0.3 0.0
Table 3
Attached mortar content of RA samples.
Sample Attached mortar content (%)
TEC-REC 3.49
ANTWERP 3.07
BIERZO 2.08
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centration of bacteria cells in the B. sphaericus culture was about 108 cells/ml and
the pH reached the value around 9.3.
2.3. Biodeposition treatment of recycled aggregates
Biodeposition treatment was performed in an air conditioned room (20 C, 60%
RH) under static and non-sterile conditions (open to the air). In the first step, dry
recycled aggregates were immersed for 24 h in one day old B. sphaericus grown cul-
ture. After this incubation period, aggregates were removed from the culture solu-
tion. In the second step, aggregates were immersed for 4 days in a deposition
medium containing 12 g/l of urea, 47 g/l of Ca(NO3)24H2O and 5 g/l of yeast extract.
After this immersion time, the treated aggregates were gently washed and drained
to remove calcium carbonate precipitate which had a weaker bonding with the
aggregate surface.
2.4. Effect of biodeposition treatment on recycled aggregates
2.4.1. Weight variation
The weight of biotreated aggregates should increase after the calcium carbonate
deposition, as it could be expected. To test this fact, 6 subsamples were taken from
each RA studied sample (3 subsamples with a particle size of 4–12.5 mm, further
referred to as S group, and the other 3 samples with a particle size 12.5–20 mm,
called L group). Dry weight of RA subsamples was recorded (oven-dried at 78 C
for 48 h) before and after biodeposition treatment. The weight change, could serve
as estimation for the amount of calcium carbonate that was precipitated.
2.4.2. Water absorption
To evaluate the waterproofing effect of the biodeposition treatment, water
absorption tests on the recycled aggregates were performed with treated and
untreated samples, which were divided by dimension in two groups (S group and
L group, as described earlier), to determine also the influence of sample size on
the performance of the biodeposition treatment. This test was carried out with
the pycnometer method according to the European Standard EN 1097-6 [65], but
with modified temperature, since temperatures higher than 78–90 C could remove
interlayer water from some existing components such as C-S-H gels [66] and distort
the results. Therefore, although the established temperature of drying in this stan-
dard was 105 ± 5 C, in this case 78 C was chosen and the drying time period was
extended from 24 h to 48 h.
2.4.3. Resistance to sonication
Ultrasonication helps to estimate the adhesion force and the consolidation
efficacy of the newly formed calcium precipitate [54]. Biotreated and untreated
aggregates were subjected to six cycles of sonication. During each cycle, the sample
was immersed in distilled water in a 35-kHz ultrasonic bath (Bandelin Sonorex,
Bandelin Electronic GmbH & Co.) and after 5 min the aggregates were taken out
from the bath and were dried for 48 h in an oven at 78 C. The weight loss after
ultrasonic attack was then determined by weighing the aggregates again. Therefore,
the resistance to sonication was represented by the difference between dry weight
in the initial state (aggregate before sonication attack) and dry weight after each
sonication cycle.
2.4.4. Characterization of the calcium carbonate biodeposition crystal by SEM analysis
By Scanning Electron Microscopy (SEM), the microstructure and the distribu-
tion of the calcium carbonate deposition on the mixed and ceramic recycled aggre-
gates were analysed. Chemical composition of the precipitate was evaluated byEnergy Dispersive X-ray (EDX) analysis. Both analyses were performed by using a
Hitachi S-4810 microscope. This equipment was also used to test the superficial
morphology of RA particles.3. Results and discussion
3.1. Weight variation
The calcium carbonate precipitation, induced by the bacterial
treatment, can be seen as a white layer on the RA (Fig. 1). As shown
the Fig. 2, the biodeposition treatment increased the weight of all
RA tested samples, and this weight gain depends on several factors.
First, the greater percentage of weight increase was detected in the
samples from the S group, 16–46% higher than for the L group. This
was probably caused by the higher surface/volume ratio of the S
group samples, in comparison with the samples of the L group,
and taking into account that biodeposition is considered a surface
treatment by several authors [25,50,67]. This statement was
confirmed in the present paper by SEM analysis (see further). Sec-
ondly, the weight increase was growing with the increase of cera-
mic content in the RA sample. This may be related to the roughness
of the RA particles, considering that the ceramic aggregate surface
has a greater roughness than unbound natural aggregates. There-
fore, the biodeposition is easier on the surface of ceramic and
cement-based particles. In addition, ceramic aggregates roughness
is lower than that shown by old concrete particles (this fact has
been qualitatively checked by SEM analysis, as shown in Fig. 3).
The surface of these concrete particles seems too irregular to allow
the deposition of calcium carbonate in larger CaCO3 layers,
whereas the less irregular ceramic surface allows the generation
of a more continuous calcium carbonate layer (Fig. 1). These results
are in concordance with the information obtained from the sonica-
tion test of the current research.
All test samples showed higher weight gain than the material
discussed in the published research of Qiu et al. [50], which dis-
played a weight increase of 1.03% in the 100% concrete recycled
aggregates (5–20 mm particle size) when microbial carbonate pre-
cipitation was carried out with bacteria concentration of 108 cells/
ml, at 35 C and pH 9.5 and with a solution containing 16.8 g/l of
calcium. Their lower values of weight increase may be related to
the lack of ceramic content in the tested recycled aggregates.
It is important to highlight the observation of some authors
[68–70], who state the profound effect of calcium concentration
and method of calcium and urea addition on the biodeposition
treatment. Previous studies of the authors of this paper
[36,37,71,72] have reported that the chosen parameters for biode-
position treatment in the current research are suitable to achieve
an optimal microbially induced carbonate precipitation on con-
struction materials.3.2. Water absorption
Based on the results of water absorption of the RA before and
after biodeposition (Fig. 4), it can be assumed that this technique
reduces the water permeability of all tested samples, although only
to a limited extent (3% of reduction for S samples of ANTWERP,
with a greater decrease for the larger aggregates (18% for L samples
of TEC-REC and 10% for L samples of BIERZO). The difference in the
reduction of water absorption between both size classes is 46% for
TEC-REC samples, 41% for ANTWERP samples and 16% for BIERZO
samples. This behavior is probably associated with the higher
content of cement-based particles in the TEC-REC and ANTWERP
samples, considering that larger particles of recycled concrete or
mortar usually show wider and longer cracks compared with smal-
ler cement-based particles, resulting in a larger quantity of calcium
Fig. 1. Samples appearance after biodeposition treatment.
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of a more pronounced waterproofing effect.
The reduction in water absorption could be also dependent on
the composition of recycled mixed aggregates. The test results
pointed to a lower water absorption reduction when the unbound
natural aggregates content in the samples was greater (in the
ANTWERP sample with the highest content of unbound natural
aggregates according to Table 2, the reduction was 2.7% for the S
group and 3.8% for the L group). However, samples with higher
content of cement-based particles (TEC-REC sample) showed a
greater reduction of water absorption (11.7% for the S group and
17.9% for the L group). The higher attached mortar content of the
TEC-REC sample, according to the data shown in Table 3, in turncoincided with a higher reduction of water absorption after
biotreatment.
The cause of this behavior could be the roughness and the
porosity, especially macroporosity, of the different constituents
present in recycled aggregate samples, since the roughness and
the porosity of cement-based particles is higher than that of
unbound natural aggregates [4,6,7,10,11]. Declet et al. [73] stated
that the surface roughness can affect the adhesion of the calcium
carbonate precipitate onto the aggregate surface, therefore it is
expected to be more powerful on ceramic and cement-based parti-
cles. Also the higher porosity and roughness of ceramic and
cement-based particles than these properties in the unbound nat-
ural aggregates affects the production of precipitate because more
calcium carbonate can be deposited on the more rough and porous
surfaces, where the less irregular surface of ceramic particles
allows the generation of a more continuous calcium carbonate
layer. The greater macroporosity of cement-based particles in com-
parison with ceramic ones, as shown in the MIP analysis (Fig. 5),
justifies the higher waterproofing effect on samples with more
concrete and mortar particles, since greater CaCO3 is deposited
inside the superficial macropores, in comparison with the more
continuous biofilm that is formed over the surface of ceramic par-
ticles, which offers a lower pore-filling effect.
Authors as Grabiec et al. [49] and Qiu et al. [50] claimed that the
biodeposition process, using in their cases the microorganism
B. pasteurii, led to reduction in the water absorption of recycled
aggregate produced by crushing 100% old concrete. They tested
different bacteria concentrations and recycled aggregate qualities.
Grabiec et al. [49] observed a water absorption decrease of 30–35%
for aggregates of particle size 6/8 mm, and 50% drop in
water absorption for particle size 12/16 mm, when a bacteria
Fig. 3. Surface SEM images of ceramic (left) and concrete (right) recycled aggregates.
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ture. Qiu et al. [50] tested the effect of biodeposition on recycled
concrete aggregates of particle size 5–20 mm, showing that a treat-
ment with bacteria concentration of 106 cells/ml, at 25 C, pH 8.2
and 5.6 g/l of calcium content, decreased the water absorption of
recycled aggregates with 8%. When the bacteria concentration
was 108 cells/ml, and application conditions were 35 C, pH 9.5
and 16.8 g/l of calcium content, the water absorption was reduced
by 8–16%. The greater effect of water absorption decrease pub-
lished by these authors when the bacteria concentration was sim-
ilar to the one used in the present research (108 cells/ml) may be
explained by the higher content of cement-based particles present
in their recycled aggregate samples (100% concrete).3.3. Resistance to sonication
RA or different composition exhibits differences in resistance
against ultrasonic attack of the samples. As shown in Fig. 6, the
sample with higher content of cement-based particles (TEC-REC)
displays that biotreated aggregates register 44% less weight loss
upon sonication than untreated aggregates in case of L size and
6% for the S size. This result can be compared with the findings
of De Muynck et al. [74], which support that concrete prisms trea-
ted with bacteria in culture liquid and biodeposition medium
exhibited greater resistance to sonication than untreated prisms.
This consolidating effect can be associated to the stronger bond
that calcium precipitate provides to the cementing layer between
the surfaces of the concrete or mortar aggregate. In the same
way as for the water absorption results, this positive effect is more
obvious for the bigger particles because they have wider and
longer cracks and a larger quantity of calcium carbonate can be
deposited on those surface cracks.
When the ceramic content increases in the sample (as for the
BIERZO RA), the resistance to sonication increases for both treated
and untreated aggregates. However, for these RA the biotreated
aggregates exhibit greater weight loss than untreated aggregates,
74% higher in case of S size and 98% for the L size. Nevertheless,
since more CaCO3 has been deposited on the ceramic aggregates
in the first place (Fig. 2), the remaining amount of carbonate
deposition would be still much larger than for the RA with lower
ceramic fraction (Fig. 6).
Porosity testing of ceramic and cement-based particles from
recycled aggregates supports the stronger pore-filling effect by
calcium precipitate on recycled concrete aggregates, since as can
be seen in the Fig. 5, particles from old concrete show greater
Fig. 7. CaCO3 precipitate over the aggregate surface (left). CaCO3 precipitate in aggregate pores (right).
Fig. 8. CaCO3 precipitate with high bacterial activity (left). CaCO3 precipitate with low bacterial activity (right).
Fig. 9. SEM image, EDX spectra and element composition of CaCO3 precipitate on biotreated RA.
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larger than 1 mm. On the other hand, the pore size distribution of
ceramic particles from RA displays a lower presence of macropores,
which results in a limited deposition of calcium carbonate inside
the pores, although a more continuous carbonate layer is formed
and the adhesion to the particle surface of intermediate roughness
is better than for recycled concrete aggregates.
3.4. Characterization of the calcium carbonate biodeposition crystals
by SEM analysis
SEM analysis (Fig. 7/Left) allows seeing the calcium carbonate
deposition over the surface of the aggregate with a uniform and
low thickness, in concordance with the results published by Kim
et al. [29], who tested biodeposition of B. sphaericus and B. pasteurii
on normal and lightweight concrete samples. Although, in their
case, the appearance of CaCO3 precipitate showed a more irregular
surface of the crystals, in comparison with the more regular CaCO3crystals displayed in this paper, on the areas where there were not
too many imprints of bacterial cells (Fig. 8).
The calcium carbonate stratum on this kind of RA is easy to rec-
ognize because the microbial deposition of B. sphaericus has a char-
acteristic appearance, it looks like a white agglomeration of
globular structures, which show the imprints of bacterial cells
involved in carbonate precipitation, more or less prevalent accord-
ing to the bacterial activity in each area (Fig. 8). The biodeposition
of B. pasteurii shown in the study of Qiu et al. [50] was composed of
crystals of spherical shape, but the crystals had a smooth surface
without the empty spaces that were noticed in the current B.
sphaericus deposition. In addition, the spherical structures from B.
pasteurii were distributed with less compactness than the crystals
from B. sphaericus seen in this study. Grabiec et al. [49] referred to
the presence of crystals of calcium carbonate from B. pasteurii over
the surface of recycled concrete aggregates, but in their case, the
CaCO3 crystals showed more irregular shapes in comparison with
the deposition evaluated in the present research. This aspect of
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nutrients used during the cultivation and biotreatment conditions,
since De Muynck et al. [25] confirmed that the type of medium
composition had a profound impact on calcium carbonate crystal
morphology.
Fig. 7 (Right) makes it possible to see the partial pore-filling
effect of the biodeposition treatment, since globular calcium car-
bonate precipitate has been detected on the internal pore surface
of a recycled ceramic aggregate, improving impermeability of the
treated aggregate. When the calcium carbonate layer over the
aggregate surface and the pore-filling effect are taken into account,
a waterproofing result is expected, which is concordant with the
reduction of the water absorption values for biotreated aggregates.
The pore-filling effect of the treatment with this kind of bacteria
may be compared to the incorporation of these or other types of
bacteria into porous aggregates to induce self-healing of cracks in
concrete. However, in the current treatment vegetative bacterial
cells are used to obtain an immediate precipitation of calcium car-
bonate by subsequent submersion of the aggregates in the bacte-
rial culture and a nutrient solution. Hence, the calcium carbonate
precipitation is formed on the aggregates before they are added
into the concrete mix. In case self-healing is aimed at, the bacteria
should be introduced in dormant stage, as bacterial spores, into the
porous aggregates. They should remain dormant until the aggre-
gate is fractured by a propagating crack. Only at that stage they
will make contact with nutrients and oxygen, they will germinate
and induce bioprecipitation that will fill the crack, as has been
illustrated by the research groups of Jonkers (TU Delft, The Nether-
lands) and De Belie (UGent, Belgium) [75,76], among others.
EDX results summarized in Fig. 9 confirm that the globular
shapes are likely to be calcium carbonate precipitate because they
have as main component calcium, followed by oxygen and carbon.
4. Conclusions
Bacterial precipitation acts as superficial treatment of the
recycled aggregates, covering the external part of the aggregate
and filling some superficial pores. Treatment with a B. sphaericus
culture with about 108 cells/ml provides an easy method to control
the precipitation of calcium carbonate on recycled mixed aggre-
gate under suitable conditions of distribution and quantity.
This biological technique increased the weight of RA, more
noticeable when the particle size was smaller and the ceramic con-
tent of aggregate samples was higher, due to the relation surface/
volume and the roughness of the aggregate, and considering that
this technique of microbially induced deposition imparts mainly
a superficial effect.
The produced calcium carbonate deposition created a limited
waterproofing effect, which allowed to decrease the water absorp-
tion of the RA. This will enhance the concrete workability without
the need to increase the water content. This is in turn beneficial for
the concrete permeability and the reduction of the penetration of
aggressive substances that can accelerate the degradation of con-
crete in its future applications. These waterproofing crystals had
greater effect when the content of cement-based materials in the
RA sample was higher.
The consolidating effect of CaCO3 on recycled aggregates seems
to be more profound on RA with higher content of concrete and
mortar particles since the precipitated layer reduces the mass loss
under ultrasonic attack. The opposite effect is seen on RA with high
ceramic content. Nevertheless, since more CaCO3 was deposited on
the ceramic particles in the first place, the remaining amount of
precipitates would still be higher than in the case of cementitious
materials. The reason could be the higher macroporosity in the
case of cement-based particles allowing the calcium carbonate
crystals to deposit rather in the pores than on the surface andcreating a consolidating effect. On the other hand, the biodeposi-
tion of calcium carbonate on the ceramic aggregates is rather on
the surface and a small part of this deposition seems to be removed
by the sonication.
This study showed by SEM analysis that induced calcium car-
bonate precipitation using B. sphaericus on RA presented a peculiar
appearance which was characterized by spherical shapes with
imprints of bacterial cells involved in carbonate precipitation being
more or less prevalent according to the bacterial activity.
Acknowledgements
This work was supported by the Project BIA2013-48876-C3-3-R
[funded by the Spanish Ministry of Economy and Competitiveness
and FEDER program], the Research Staff Training Grant [FPI BES-
2011-047159] associated with Project BIA2010-21194-C03-02
and the Teacher Training Grant [FPU AP2010-0613]. The authors
would like to thank Eduardo Torroja Institute for Construction
Science [IETcc-CSIC] for SEM analysis.
References
[1] F. Agrela, M. Sánchez de Juan, J. Ayuso, V.L. Geraldes, J.R. Jiménez, Limiting
properties in the characterisation of mixed recycled aggregates for use in the
manufacture of concrete, Constr. Build. Mater. 25 (2011) 3950–3955, http://dx.
doi.org/10.1016/j.conbuildmat.2011.04.027.
[2] M. Chen, J. Lin, S. Wu, C. Liu, Utilization of recycled brick powder as alternative
filler in asphalt mixture, Constr. Build. Mater. 25 (2011) 1532–1536, http://dx.
doi.org/10.1016/j.conbuildmat.2010.08.005.
[3] J. de Brito, A.S. Pereira, J.R. Correia, Mechanical behaviour of non-structural
concrete made with recycled ceramic aggregates, Cem. Concr. Compos. 27
(2005) 429–433, http://dx.doi.org/10.1016/j.cemconcomp.2004.07.005.
[4] J.M.V. Gómez-Soberón, Porosity of recycled concrete with substitution of
recycled concrete aggregate: an experimental study, Cem. Concr. Res. 32
(2002) 1301–1311, http://dx.doi.org/10.1016/S0008-8846(02)00795-0.
[5] S.B. Huda, M.S. Alam, Mechanical behavior of three generations of 100%
repeated recycled coarse aggregate concrete, Constr. Build. Mater. 65 (2014)
574–582, http://dx.doi.org/10.1016/j.conbuildmat.2014.05.010.
[6] M.C. Limbachiya, T. Leelawat, R.K. Dhir, Use of recycled concrete aggregate in
high-strength concrete, Mater. Struct. 33 (2000) 574–580, http://dx.doi.org/
10.1007/BF02480538.
[7] C.S. Poon, Z.H. Shui, L. Lam, Effect of microstructure of ITZ on compressive
strength of concrete prepared with recycled aggregates, Constr. Build. Mater.
18 (2004) 461–468, http://dx.doi.org/10.1016/j.conbuildmat.2004.03.005.
[8] K. Rahal, Mechanical properties of concrete with recycled coarse aggregate,
Build. Environ. 42 (2007) 407–415, http://dx.doi.org/10.1016/j.
buildenv.2005.07.033.
[9] C. Rodríguez, C. Parra, G. Casado, I. Miñano, F. Albaladejo, F. Benito, I. Sánchez,
The incorporation of construction and demolition wastes as recycled mixed
aggregates in non-structural concrete precast pieces, J. Clean. Prod. 127 (2016)
152–161, http://dx.doi.org/10.1016/j.jclepro.2016.03.137.
[10] K.K. Sagoe-Crentsil, T. Brown, A.H. Taylor, Performance of concrete made with
commercially produced coarse recycled concrete aggregate, Cem. Concr. Res.
31 (2001) 707–712, http://dx.doi.org/10.1016/S0008-8846(00)00476-2.
[11] A. Shayan, A. Xu, Performance and properties of structural concrete made with
recycled concrete aggregate, ACI Mater. J. 100 (2003) 371–380.
[12] W. Zhao, R.B. Leeftink, V.S. Rotter, Evaluation of the economic feasibility for the
recycling of construction and demolition waste in China—the case of
Chongqing, Resour. Conserv. Recycl. 54 (2010) 377–389, http://dx.doi.org/
10.1016/j.resconrec.2009.09.003.
[13] L. Evangelista, J. de Brito, Mechanical behaviour of concrete made with fine
recycled concrete aggregates, Cem. Concr. Compos. 29 (2007) 397–401, http://
dx.doi.org/10.1016/j.cemconcomp.2006.12.004.
[14] C.S. Poon, Z.H. Shui, L. Lam, H. Fok, S.C. Kou, Influence of moisture states of
natural and recycled aggregates on the slump and compressive strength of
concrete, Cem. Concr. Res. 34 (2004) 31–36, http://dx.doi.org/10.1016/S0008-
8846(03)00186-8.
[15] V.W.Y. Tam, X.F. Gao, C.M. Tam, Microstructural analysis of recycled aggregate
concrete produced from two-stage mixing approach, Cem. Concr. Res. 35
(2005) 1195–1203, http://dx.doi.org/10.1016/j.cemconres.2004.10.025.
[16] A. Barbudo, J. de Brito, L. Evangelista, M. Bravo, F. Agrela, Influence of water-
reducing admixtures on the mechanical performance of recycled concrete, J.
Clean. Prod. 59 (2013) 93–98, http://dx.doi.org/10.1016/j.jclepro.2013.06.022.
[17] D. Matias, J. de Brito, A. Rosa, D. Pedro, Mechanical properties of concrete
produced with recycled coarse aggregates – influence of the use of
superplasticizers, Constr. Build. Mater. 44 (2013) 101–109, http://dx.doi.org/
10.1016/j.conbuildmat.2013.03.011.
[18] J. García-González, D. Rodríguez-Robles, A. Juan-Valdés, J.M. Morán-del Pozo,
M.I. Guerra-Romero, Pre-saturation technique of the recycled aggregates:
1022 J. García-González et al. / Construction and Building Materials 154 (2017) 1015–1023solution to the water absorption drawback in the recycled concrete
manufacture, Materials 7 (2014) 6224–6236, http://dx.doi.org/
10.3390/ma7096224.
[19] S. Ismail, M. Ramli, Mechanical strength and drying shrinkage properties of
concrete containing treated coarse recycled concrete aggregates, Constr. Build.
Mater. 68 (2014) 726–739, http://dx.doi.org/10.1016/
j.conbuildmat.2014.06.058.
[20] V. Spaeth, A. Djerbi Tegguer, Improvement of recycled concrete aggregate
properties by polymer treatments, Int. J. Sustain. Built Environ. 2 (2013) 143–
152, http://dx.doi.org/10.1016/j.ijsbe.2014.03.003.
[21] V.W.Y. Tam, C.M. Tam, Assessment of durability of recycled aggregate concrete
produced by two-stage mixing approach, J. Mater. Sci. 42 (2007) 3592–3602,
http://dx.doi.org/10.1007/s10853-006-0379-y.
[22] V.W.Y. Tam, C.M. Tam, Y. Wang, Optimization on proportion for recycled
aggregate in concrete using two-stage mixing approach, Constr. Build. Mater.
21 (2007) 1928–1939, http://dx.doi.org/10.1016/j.conbuildmat.2006.05.040.
[23] V. Achal, A. Mukherjee, M.S. Reddy, Microbial concrete: way to enhance the
durability of building structures, J. Mater. Civ. Eng. 23 (2011) 730–734, http://
dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000159.
[24] S.S. Bang, J.K. Galinat, V. Ramakrishnan, Calcite precipitation induced by
polyurethane-immobilized Bacillus pasteurii, Enzyme Microb. Technol. 28
(2001) 404–409, http://dx.doi.org/10.1016/S0141-0229(00)00348-3.
[25] W. De Muynck, K. Cox, N. De Belie, W. Verstraete, Bacterial carbonate
precipitation as an alternative surface treatment for concrete, Constr. Build.
Mater. 22 (2008) 875–885, http://dx.doi.org/10.1016/
j.conbuildmat.2006.12.011.
[26] W. De Muynck, D. Debrouwer, N. De Belie, W. Verstraete, Bacterial carbonate
precipitation improves the durability of cementitious materials, Cem. Concr.
Res. 38 (2008) 1005–1014, http://dx.doi.org/10.1016/j.
cemconres.2008.03.005.
[27] P. Ghosh, S. Mandal, B.D. Chattopadhyay, S. Pal, Use of microorganism to
improve the strength of cement mortar, Cem. Concr. Res. 35 (2005) 1980–
1983, http://dx.doi.org/10.1016/j.cemconres.2005.03.005.
[28] S. Ghosh, M. Biswas, B.D. Chattopadhyay, S. Mandal, Microbial activity on the
microstructure of bacteria modified mortar, Cem. Concr. Compos. 31 (2009)
93–98, http://dx.doi.org/10.1016/j.cemconcomp.2009.01.001.
[29] H.K. Kim, S.J. Park, J.I. Han, H.K. Lee, Microbially mediated calcium carbonate
precipitation on normal and lightweight concrete, Constr. Build. Mater. 38
(2013) 1073–1082, http://dx.doi.org/10.1016/j.conbuildmat.2012.07.040.
[30] G. Le Métayer-Levrel, S. Castanier, G. Orial, J.-F. Loubière, J.-P. Perthuisot,
Applications of bacterial carbonatogenesis to the protection and regeneration
of limestones in buildings and historic patrimony, Sediment. Geol. 126 (1999)
25–34, http://dx.doi.org/10.1016/S0037-0738(99)00029-9.
[31] M. Luo, C. Qian, R. Li, Factors affecting crack repairing capacity of bacteria-
based self-healing concrete, Constr. Build. Mater. 87 (2015) 1–7, http://dx.doi.
org/10.1016/j.conbuildmat.2015.03.117.
[32] F. Nosouhian, D. Mostofinejad, H. Hasheminejad, Influence of biodeposition
treatment on concrete durability in a sulphate environment, Biosyst. Eng. 133
(2015) 141–152, http://dx.doi.org/10.1016/j.biosystemseng.2015.03.008.
[33] S.K. Ramachandran, V. Ramakrishnan, S.S. Bang, Remediation of concrete using
micro-organisms, ACI Mater. J. 98 (2001) 3–9.
[34] V. Ramakrishnan, R.K. Panchalan, S.S. Bang, Improvement of concrete
durability by bacterial mineral precipitation, in: 11th Int. Conf. Fract., Turin,
Italy, 2005.
[35] K. Van Tittelboom, N. De Belie, W. De Muynck, W. Verstraete, Use of bacteria to
repair cracks in concrete, Cem. Concr. Res. 40 (2010) 157–166, http://dx.doi.
org/10.1016/j.cemconres.2009.08.025.
[36] J. Wang, K. Van Tittelboom, N. De Belie, W. Verstraete, Use of silica gel or
polyurethane immobilized bacteria for self-healing concrete, Constr. Build.
Mater. 26 (2012) 532–540, http://dx.doi.org/10.1016/
j.conbuildmat.2011.06.054.
[37] J.Y. Wang, D. Snoeck, S. Van Vlierberghe, W. Verstraete, N. De Belie, Application
of hydrogel encapsulated carbonate precipitating bacteria for approaching a
realistic self-healing in concrete, Constr. Build. Mater. 68 (2014) 110–119,
http://dx.doi.org/10.1016/j.conbuildmat.2014.06.018.
[38] J. Wang, Y.C. Ersan, N. Boon, N. De Belie, Application of microorganisms in
concrete: a promising sustainable strategy to improve concrete durability,
Appl. Microbiol. Biotechnol. 100 (2016) 2993–3007, http://dx.doi.org/10.1007/
s00253-016-7370-6.
[39] J. Xu, W. Yao, Multiscale mechanical quantification of self-healing concrete
incorporating non-ureolytic bacteria-based healing agent, Cem. Concr. Res. 64
(2014) 1–10, http://dx.doi.org/10.1016/j.cemconres.2014.06.003.
[40] S. Castanier, G. Le Métayer-Levrel, J.-P. Perthuisot, Ca-carbonates precipitation
and limestone genesis—the microbiogeologist point of view, Sediment. Geol.
126 (1999) 9–23, http://dx.doi.org/10.1016/S0037-0738(99)00028-7.
[41] W.A. Hamilton, Microbially influenced corrosion as a model system for the
study of metal microbe interactions: a unifying electron transfer hypothesis,
Biofouling 19 (2003) 65–76, http://dx.doi.org/10.1080/
0892701021000041078.
[42] S. Stocks-Fischer, J.K. Galinat, S.S. Bang, Microbiological precipitation of CaCO3,
Soil Biol. Biochem. 31 (1999) 1563–1571, http://dx.doi.org/10.1016/S0038-
0717(99)00082-6.
[43] R. Siddique, N.K. Chahal, Effect of ureolytic bacteria on concrete properties,
Constr. Build. Mater. 25 (2011) 3791–3801, http://dx.doi.org/10.1016/
j.conbuildmat.2011.04.010.[44] W. De Muynck, N. De Belie, W. Verstraete, Microbial carbonate precipitation in
construction materials: a review, Ecol. Eng. 36 (2010) 118–136, http://dx.doi.
org/10.1016/j.ecoleng.2009.02.006.
[45] L.S. Wong, Microbial cementation of ureolytic bacteria from the genus Bacillus:
a review of the bacterial application on cement-based materials for cleaner
production, J. Clean. Prod. 93 (2015) 5–17, http://dx.doi.org/10.1016/j.
jclepro.2015.01.019.
[46] M.A. Rivadeneyra, R. Delgado, A. del Moral, M.R. Ferrer, A. Ramos-Cormenzana,
Precipatation of calcium carbonate by Vibrio spp. from an inland saltern, FEMS
Microbiol. Ecol. 13 (1994) 197–204, http://dx.doi.org/10.1111/j.1574-
6941.1994.tb00066.x.
[47] C. Barabesi, A. Galizzi, G. Mastromei, M. Rossi, E. Tamburini, B. Perito, Bacillus
subtilis gene cluster involved in calcium carbonate biomineralization, J.
Bacteriol. 189 (2007) 228–235, http://dx.doi.org/10.1128/JB.01450-06.
[48] N. Chahal, R. Siddique, A. Rajor, Influence of bacteria on the compressive
strength, water absorption and rapid chloride permeability of fly ash concrete,
Constr. Build. Mater. 28 (2012) 351–356, http://dx.doi.org/10.1016/
j.conbuildmat.2011.07.042.
[49] A.M. Grabiec, J. Klama, D. Zawal, D. Krupa, Modification of recycled concrete
aggregate by calcium carbonate biodeposition, Constr. Build. Mater. 34 (2012)
145–150, http://dx.doi.org/10.1016/j.conbuildmat.2012.02.027.
[50] J. Qiu, D.Q.S. Tng, E.-H. Yang, Surface treatment of recycled concrete aggregates
through microbial carbonate precipitation, Constr. Build. Mater. 57 (2014)
144–150, http://dx.doi.org/10.1016/j.conbuildmat.2014.01.085.
[51] S.H. Raut, D.D. Sarode, S.S. Lele, Biocalcification using B. pasteurii for
strengthening brick masonry civil engineering structures, World J. Microbiol.
Biotechnol. 30 (2014) 191–200, http://dx.doi.org/10.1007/s11274-013-1439-
5.
[52] D. Sarda, H.S. Choonia, D.D. Sarode, S.S. Lele, Biocalcification by Bacillus
pasteurii urease: a novel application, J. Ind. Microbiol. Biotechnol. 36 (2009)
1111–1115, http://dx.doi.org/10.1007/s10295-009-0581-4.
[53] J. Dick, W.D. Windt, B.D. Graef, H. Saveyn, P.V. der Meeren, N.D. Belie, W.
Verstraete, Bio-deposition of a calcium carbonate layer on degraded limestone
by Bacillus species, Biodegradation 17 (2006) 357–367, http://dx.doi.org/
10.1007/s10532-005-9006-x.
[54] C. Rodriguez-Navarro, M. Rodriguez-Gallego, K.B. Chekroun, M.T. Gonzalez-
Muñoz, Conservation of ornamental stone by Myxococcus xanthus-induced
carbonate biomineralization, Appl. Environ. Microbiol. 69 (2003) 2182–2193,
http://dx.doi.org/10.1128/AEM.69.4.2182-2193.2003.
[55] H. Afifudin, W. Nadzarah, M.S. Hamidah, H.N. Hana, Microbial participation in
the formation of calcium silicate hydrated (CSH) from Bacillus subtilis, Procedia
Eng. 20 (2011) 159–165, http://dx.doi.org/10.1016/j.proeng.2011.11.151.
[56] P. Tiano, L. Biagiotti, G. Mastromei, Bacterial bio-mediated calcite precipitation
for monumental stones conservation: methods of evaluation, J. Microbiol.
Methods 36 (1999) 139–145, http://dx.doi.org/10.1016/S0167-7012(99)
00019-6.
[57] V. Achal, X. Pan, N. Özyurt, Improved strength and durability of fly ash-
amended concrete by microbial calcite precipitation, Ecol. Eng. 37 (2011) 554–
559, http://dx.doi.org/10.1016/j.ecoleng.2010.11.009.
[58] C. Stuckrath, R. Serpell, L.M. Valenzuela, M. Lopez, Quantification of chemical
and biological calcium carbonate precipitation: performance of self-healing in
reinforced mortar containing chemical admixtures, Cem. Concr. Compos. 50
(2014) 10–15, http://dx.doi.org/10.1016/j.cemconcomp.2014.02.005.
[59] J. Adolphe, J. Loubière, J. Paradas, F. Soleilhavoup, Biological treatment of an
artificial surface, EP19900400697, 1990.
[60] V.W.Y. Tam, C.M. Tam, K.N. Le, Removal of cement mortar remains from
recycled aggregate using pre-soaking approaches, Resour. Conserv. Recycl. 50
(2007) 82–101, http://dx.doi.org/10.1016/j.resconrec.2006.05.012.
[61] EN 12620+A1, Aggregates for concrete, CEN, 2008.
[62] EN 933-11, Tests for geometrical properties of aggregates - Part 11:
Classification test for the constituents of coarse recycled aggregate, CEN, 2009.
[63] A. Güell-Ferré, E. Váquez-Ramonich, E. Varela-Pinto, P. Serna-Ros, F. Martínez-
Abella, F. López-Gayarre, M. Barra-Bizinotto, A. Tirado-Alonso, A. Romero-
Casado, I. Girbés-Clari, Spanish Handbook on Recycled Aggregates from
Construction and Demolition Wastes (CDW) [in Spanish], Fueyo Editores,
Madrid, Spain, 2012.
[64] V.V. Samonin, E.E. Elikova, A study of the adsorption of bacterial cells on
porous materials, Microbiology 73 (2004) 696–701, http://dx.doi.org/10.1007/
s11021-005-0011-1.
[65] EN 1097-6, Tests for mechanical and physical properties of aggregates - Part 6:
Determination of particle density and water absorption, CEN, 2013.
[66] W. Kurdowski, Cement and Concrete Chemistry, Springer, Netherlands, 2014.
[67] W. De Muynck, K. Verbeken, N.D. Belie, W. Verstraete, Influence of
temperature on the effectiveness of a biogenic carbonate surface treatment
for limestone conservation, Appl. Microbiol. Biotechnol. 97 (2013) 1335–1347,
http://dx.doi.org/10.1007/s00253-012-3997-0.
[68] C. Qian, J. Wang, R. Wang, L. Cheng, Corrosion protection of cement-based
building materials by surface deposition of CaCO3 by Bacillus pasteurii, Mater.
Sci. Eng. C 29 (2009) 1273–1280, http://dx.doi.org/10.1016/j.
msec.2008.10.025.
[69] G.D.O. Okwadha, J. Li, Optimum conditions for microbial carbonate
precipitation, Chemosphere 81 (2010) 1143–1148, http://dx.doi.org/10.1016/
j.chemosphere.2010.09.066.
[70] A. Otlewska, B. Gutarowska, Environmental parameters conditioning
microbially induced mineralization under the experimental model
J. García-González et al. / Construction and Building Materials 154 (2017) 1015–1023 1023conditions, Acta Biochim. Pol. 63 (2016) 343–351, http://dx.doi.org/10.18388/
abp.2015_1172.
[71] N. De Belie, W. De Muynck, Crack repair in concrete using biodeposition, in:
Proc. Second Int. Conf. Concr. Repair Rehabil. Retrofit. ICCRRR, Cape Town,
South Africa, 2008, pp. 291–292.
[72] J. Wang, K. Van Tittelboom, N. De Belie, W. Verstraete, Potential of applying
bacteria to heal cracks in concrete, in: Proc. Second Int. Conf. Sustain. Constr.
Mater. Technol., Ancona, Italy, 2010, pp. 1807–1818.
[73] A. Declet, E. Reyes, O.M. Suárez, Calcium carbonate precipitation: a review of
the carbonate crystallization process and applications in bioinspired
composites, Rev. Adv. Mater. Sci. 44 (2016) 87–107.
[74] W. De Muynck, S. Leuridan, D. Van Loo, K. Verbeken, V. Cnudde, N. De Belie, W.
Verstraete, Effectiveness of a biogenic carbonate surface treatment forlimestone conservation, Appl. Environ. Microbiol. 77 (2011) 6808–6820,
http://dx.doi.org/10.1128/AEM.00219-11.
[75] M. de Rooij, K. Van Tittelboom, N. De Belie, E. Schlangen (Eds.), Self-Healing
Phenomena in Cement-based Materials. State-of-the-art Report of RILEM
Technical Committee 221-SHC, Springer Netherlands, Netherlands, 2013.
[76] E. Tziviloglou, K. Van Tittelboom, D. Palin, J. Wang, M.G. Sierra-Beltrán, Y.Ç.
Ersan, R. Mors, V. Wiktor, H.M. Jonkers, E. Schlangen, N.D. Belie, Bio-based self-
healing concrete: from research to field application, in: M.D. Hager, S. van der
Zwaag, U.S. Schubert (Eds.), Self-Heal. Mater, Springer International
Publishing, 2016, pp. 345–385, http://dx.doi.org/10.1007/12_2015_332.
